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Abstract

A variety of climate forcings are now thought to be able to influence planetary wave dynamics in the
troposphere by affecting the propagation of planetary waves out of the troposphere. However, this prop-
agation pattern is sensitive to the details of the corresponding zonal wind changes. Here we discuss two
forcing mechanisms that alter zonal winds and subsequent tropospheric responses: changes in atmo-
spheric CO2 concentrations, and solar forcing in conjunction with the QBO. Increased atmospheric CO2

concentrations can be shown to influence planetary wave refraction so as to produce an intensified re-
sidual circulation in the subtropical lower stratosphere (which increases transport of tropospheric spe-
cies into the stratosphere). In our GCM experiments, the low latitude response appears qualitatively
robust over a wide range of tropical warming magnitudes, although the quantitative circulation change
depends upon the degree of tropical warming as influenced by convection and cloud cover changes; it
varies by a factor of three with a factor of three change in tropical warming. At higher latitudes, this
equatorward planetary wave refraction has been associated with an increase in the high phase of the
Arctic Oscillation. In the model experiments, the extratropical response depends upon the magnitude of
both low and high latitude warming in the troposphere; with SST and sea ice changes that result in a
weaker Hadley Cell and greater high latitude warming, the Arctic Oscillation phase change may be
negative.

The QBO alters the latitudinal gradient of the zonal wind in the stratosphere, and solar heating, in
association with ozone response, alters the vertical gradient of the zonal wind. Both gradients affect the
refractive properties of planetary waves uniquely for each individual combination of tropical east/west
winds and solar maximum/minimum activity. In the model, when we consider solar maximum compared
to solar minimum conditions, the east (west) phase of the QBO results in a relative high (low) phase of
the Arctic Oscillation with corresponding temperature changes. Observed and modeled surface air tem-
perature variations calculated between the solar cycle extremes in the different QBO phases are similar
in magnitude to those derived from regression of monthly data on the AO, both being on the order of
observed interannual variations.

1. Introduction

The impact of climate forcings on the strato-
sphere, and the effect this may have on the
troposphere, has become a topic of increasing
interest. Radiative forcing of the troposphere

by changes in stratospheric composition (e.g.,
ozone) has long been known to be an important
consideration (e.g., Rind and Lacis 1993). What
is new is the attention being paid to the poten-
tial dynamical effect the stratosphere may be
having on tropospheric circulations, primarily
through the influence of zonal wind changes in
the stratosphere on planetary wave propaga-
tion from the troposphere. Baldwin and Dun-
kerton (2001) relate stratospheric circulation
changes to tropospheric weather events, per-
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haps through this mechanism. In the case of
increasing CO2, Shindell et al. (1999a, 2001)
illustrated the ability of a model with a full
stratosphere to reproduce the observed change
in equatorward planetary wave propagation,
and hence the high phase (lower pressure at
the pole) of the Arctic Oscillation, that has been
occurring over the last few decades (Thompson
et al. 2000)). The requirement in the model for
inclusion of a full stratosphere (hence with a
top above the middle stratosphere, Shindell et
al. (1999a)) implies that planetary waves with
large vertical wavelengths feel the presence of
the zonal wind changes in the stratosphere, re-
gardless of whether the meridional propagation
change is actually occurring in the upper tro-
posphere or stratosphere.

Similarly, changes in solar irradiance dur-
ing a solar cycle may be having a dynamical
influence on the troposphere, far exceeding
the direct radiative forcing of 0.1% between
solar maximum and solar minimum. Apparent
changes in tropospheric circulation have been
ascribed to such solar variations, either in con-
junction with the QBO or independent of it,
from both observations (Labitzke and van Loon
1988; van Loon and Labitzke 1998) and models
(Rind and Balachandran 1995; Shindell et al.
1999b). As discussed in another paper in this
volume (Kodera 2001) and in Shindell et al.
(2001), volcanic aerosols and polar strato-
spheric ozone losses also seem to impact tropo-
spheric circulations. The QBO by itself appears
to affect tropospheric northern annular modes
(Coughlin and Tung 2001). All these forcings
seem to involve the same process—alteration
in temperature gradients and zonal wind in
the upper troposphere and stratosphere, affect-
ing tropospheric wave propagation and tropo-
spheric angular momentum transport.

In this paper we address issues concerning
the effect of both doubled CO2 and solar forcing
on tropospheric circulation and temperature.
For increased CO2, two circulation changes
have been found in the GCM runs discussed
below—an increase in the high phase of the
Arctic Oscillation, as noted above, and an in-
crease in the strength of the subtropical resid-
ual circulation in the lower stratosphere, which
affects the transport of species from the tropo-
sphere into the stratosphere. Here we address
how robust such circulation changes are in our

different model simulations, and on what as-
pects of the climate change they depend.

For solar forcing, the reality of the combined
influence of the solar cycle and the QBO on
tropospheric surface temperatures has been the
subject of debate for more than a decade. In
this paper we investigate the issue further, and
compare the processes involved to those as-
sociated with the increased CO2 effect on the
Arctic Oscillation. To the extent that the simi-
larity in mechanism is appreciated, the poten-
tial solar forcing effects will be less of a mys-
tery.

2. Model and experiments

Most of the runs discussed in these experi-
ments were made with the GISS Global Cli-
mate Middle Atmosphere Model (GCMAM)
(Rind et al. 1988a,b). This model has been
shown to be useful for simulating a number of
the observed trends (e.g., Shindell et al. 2001)
despite its coarse resolution (8� � 10�, 23 layers
between the surface and 85 km) perhaps be-
cause its background atmospheric structure
and variability is fairly reasonable (Rind et al.
op cit.), and it is the background wind profile
whose alterations are important when plane-
tary wave propagation changes are concerned.

An additional set of runs was made with a
newer version of the GISS model at 4� � 5� res-
olution and 31 layers, whose results have been
briefly described in Pawson et al. (2000). A
more complete description of this doubled CO2

run and its effect on tracer distribution is de-
scribed in Rind et al. (2001).

To investigate the robustness of doubled at-
mospheric CO2 on the tropospheric circulation,
we utilize four different experiments, each with
doubled atmospheric CO2 but all with different
sea surface temperature (SST) changes, in both
magnitude and latitudinal variation. Each ex-
periment has been reported previously, and to
avoid confusion, we keep the names they were
originally given in their respective papers. The
first experiment, called ‘‘2 � CO2’’ uses the sea
surface temperature changes generated by the
GISS Model 2 GCM (Hansen et al. 1984);
its results were first published by Rind et al.
(1990). The sea surface temperature changes
for 2 � CO2 are shown in Fig. 1 (top); it features
significant tropical warming. A second experi-
ment, called ‘‘ALT’’ (for altered SSTs), also in-
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troduced in that reference, used a sea surface
temperature change closer to that which arose
in the Geophysical Fluid Dynamics Laboratory
doubled CO2 experiments. As shown in Fig. 1,
it is characterized by less warming in the trop-
ics, and more warming at higher latitudes. Fig-
ure 1 (bottom) indicates the change in the ma-
rine surface temperatures, including the effects
of both sea surface temperature plus sea ice, a
more accurate representation of the high lati-
tude amplification of the warming associated
with the boundary condition changes. The third
experiment used the GCMAM with the full
stratosphere to calculate the SST changes due
to doubled CO2 (and is thus called ‘‘S-C’’ for

stratosphere/calculation). As discussed in Rind
et al. (1998) it has greater tropical SSTs and
global warming than any of the other ex-
periments. The final doubled CO2 run is done
with the new model (hence called ‘‘NEW’’); its
warming, both in the tropics and globally, is
more modest (see Rind et al. 2001). The rele-
vant model 2 � CO2 characteristics and dy-
namical changes discussed in this paper for
these experiments are given in Table 1.

The experiments were each run for 10 years
after reaching equilibrium, which occurs in a
few years in the case of specified SSTs, and
after 25 years with calculated SSTS (as in S-C).
Results are presented for the 10 years following
equilibrium, and are compared with the last 10
years of a control run of equal length.

To investigate the effect of solar/QBO forcing
on tropospheric circulation and temperatures,
we make use of the experiments described in
Rind and Balachandran (1995). To mimic the
effect of both solar and ozone changes on stra-

Fig. 1. Sea surface temperature (SST)
anomalies (top) and marine surface
temperature anomalies (including the
effect of both SSTs and sea ice) during
December through February in differ-
ent 2 � CO2 experiments. See text for
description. Global average anomalies
are indicated in parenthesis.

Table 1. Results from the different 2 � CO2

experiments in December–February.
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tospheric radiation absorption, the experiments
increased/decreased solar UV (short of 0.3 mi-
crons) by 5%. (The experiments with realistic
solar forcing and calculated ozone changes, de-
scribed in Shindell et al. (1999b), had slightly
weaker heating rate changes corresponding to
an equivalent solar forcing of about 4%; the
patterns of response were similar.) We use this
version because an extensive comparison has
been made of its results compared with obser-
vations when the QBO is used (Balachandran
et al. 1999). The QBO was forced in the model
as described in Balachandran and Rind (1995)
by relaxing back to specified east/west wind
perturbations as a function of latitude within
the QBO altitude range. The significance of all
results is ascertained by comparison to the
model’s variability in the unforced control
run(s).

3. Results

3.1 2 � CO2

In this section we describe the results for
the two major circulation feature changes of
interest due to greenhouse gas forcing—the
residual circulation in the tropical lower stra-
tosphere, and the phase of the Arctic Os-
cillation at high latitudes. We concentrate
on the Northern Hemisphere during winter
(December–February). Results are summar-
ized in Table 1, which gives the global and
equatorial surface air temperature changes, as
well as the temperature change in the tropical
upper troposphere (270 mb); the low latitude
residual circulation change in the middle
stratosphere, and the high latitude residual
circulation change in the lower stratosphere;
the change in vertically-integrated air temper-
ature between mid and high latitudes, and be-
tween low and high latitudes; the change in sea
level pressure between high latitudes and mid-
latitudes, related to the phase of the Arctic
Oscillation; and the tropospheric eddy kinetic
energy averaged over wavenumbers 1–4.

a. Lower stratosphere subtropical residual
circulation

As shown in Table 1, the residual circula-
tion in the low-to-mid stratosphere averaged
from the equator to 40�N increases in all four
2 � CO2 experiments. Compared to interannual
standard deviations for the control run, the

changes in each experiment are highly signifi-
cant. The magnitude of the increase is partly
associated with the magnitude of the tropical
warming. For the experiments with the older
model (2 � CO2, ALT and S-C), the greater
the sea surface temperature increase, and the
corresponding greater warming in the tropi-
cal upper troposphere, the greater percentage
change in residual circulation, as explained
below. The newer model also shows an in-
crease, but it is proportionately more than
expected given the magnitude of the surface
warming. Hence inter-model variability plays a
role in the magnitude of the change, perhaps
associated with the climatological background
state—the newer model has a weaker residual
circulation at this altitude, and stronger plane-
tary wave energy, both of which help contrib-
ute to a greater proportional residual circula-
tion response.

In all these experiments, the tropical upper
tropospheric warming, at say 150 mb, is in
contrast to the cooling or reduced warming at
higher latitudes where this pressure level is
above the tropopause during Northern Hemi-
sphere winter. The increased temperature gra-
dient provides, via the thermal wind rela-
tionship, increased west winds in the upper
troposphere/lower stratosphere, with relative
equatorward planetary wave refraction (Fig. 2).
EP flux convergences then drive the stronger
subtropical residual circulation. With stronger
upper tropospheric warming, the west wind
increase is greater (e.g., Fig. 2 for 2 � CO2 and
S-C), and, in general, so are the EP flux con-
vergences and residual circulation change. This
result is similar to that obtained by Butch-
ardt and Sciafe (2001) using the Hadley Center
model.

b. Phase of the Arctic Oscillation
In the extratropics, the 2 � CO2 experi-

ments show different circulation changes, de-
pending upon the magnitude of warming at
mid latitudes compared with high latitudes in
the troposphere (as indicated by the change
in vertically-integrated temperature gradient
between 35� and 74�N in Table 1). The runs
with greater mid-latitude warming (2 � CO2

and S-C) have a west wind increase in the
lower stratosphere that extends to higher lat-
itudes (Fig. 2), and so the equatorward wave
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Fig. 2. Change in EP flux (arrows) and zonal wind (contours, with negative values shaded) in the
different 2 � CO2 experiments. For the EP flux vectors, values less than 5 � 10�3 m2s�2 are
not shown. Arrows of maximum length correspond to flux changes of approximately 9 m2s�2; min-
imum values shown are scaled for presentation purposes to be ten times smaller. For consistency
with the resolution of the other simulations, arrows for only half of the latitudes are shown in
NEW (bottom right).
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refraction occurs at those latitudes as well. The
high latitude EP flux divergence that results
helps generate a reduced high latitude residual
circulation (Table 1).

In contrast, NEW has greater warming at
high latitudes, with a change to more east
winds, and wave refraction is preferentially
towards the pole. The resultant EP flux con-
vergence helps generate an increased high
latitude residual circulation. In ALT, there is
little change in the extratropical upper tro-
pospheric latitudinal gradient, a weaker and
more latitudinally-restricted west wind in-
crease (Fig. 2), and a slight increase in residual
circulation.

Why is the extratropical temperature gradi-
ent so different among these runs? As indica-
tive of the variation across mid-latitudes, in
Table 2 we compare the modeled temperature
changes at 35�N, at 74�N, and the temperature
gradient change (74�N minus 35�N) during De-
cember through February for selected pressure
levels. At the lowest levels, the temperature
response is strongly constrained by the marine
surface temperature changes (Fig. 1, bottom),
and all the runs show the expected high lati-
tude amplification of the warming with a re-
duced latitudinal gradient. Hence all the runs
have weaker west winds in the lower-most tro-
posphere at these latitudes. In 2CO2 and S-C
the gradient change reverses by 500 mb, and
henceforth midlatitudes warm more, resulting
in an increase in the west wind shear with al-
titude. This arises not so much because the
high latitude warming is any less—it is great-
est in S-C of any of the runs—but because of
added mid-latitude warming in the middle and
upper troposphere. This warming is the result

of an intensified Hadley Cell in 2 � CO2 and
S-C on the order of 10–15%, which produces a
large increase in poleward heat transport and
energy convergence at mid latitudes in the up-
per troposphere in those two experiments. In
contrast, ALT has a Hadley Cell decrease of
some 20%, and hence its warming decreases
with altitude above 500 mb; it therefore main-
tains a decreased gradient throughout the tro-
posphere with weakened west winds between
these latitudes at all altitudes. NEW shows
little change in Hadley Cell intensity, and its
warming decreases slowly with height at 35�N.

The Hadley Cell responses are attributable to
the change in the latitudinal gradient of input
SSTs between 10�S and 20�N in these experi-
ments during December–February. The SST
gradient in this region increases in S-C by
1.7�C, in 2 � CO2 by 0.7�C, in New by just
0.25�C, and it decreases in ALT by 1.25�C. The
SST gradient change alters the meridional
circulation cell and relative vertical air mo-
tions which then affect precipitation and latent
heat release, further amplifying the circulation
change (c.f., Rind and Rossow 1984; and Rind
1998 for a full discussion of this effect).

To complete this assessment, it is necessary
to explain why the tropical warming varies so
much in these experiments. In 2 � CO2, cirrus
cloud cover increases in the tropics augmented
the tropical surface warming in the GCM that
was providing the SSTS for that experiment,
but clouds in that model were limited to
200 mb altitude—hence so were any increased
clouds. In S-C, calculated with the GCMAM
which had greater vertical resolution, clouds
could occur at any level, and increased at
higher altitudes with doubled CO2, augmenting
the tropical warming further. In both cases,
cirrus clouds had optical thicknesses of 0.33,
and hence acted primarily as thermal radiation
absorbers rather than solar energy reflectors.
In contrast, in NEW, two types of cirrus clouds
were allowed: cirrus associated with tropical
anvils, with optical thickness greater than 4
(which preferentially cool the climate by re-
flecting solar radiation); and thinner cirrus.
Both increased in the doubled CO2 simulation,
and so effectively canceled out any cirrus cloud
feedback. Therefore NEW had smaller tropical
warming, and the response was also more uni-
form with latitude, reducing any SST gradi-

Table 2. Change during Dec–Feb in the
different experiments of the tempera-
ture (�C) at 35 N/ at 74 N/ and the gra-
dient between 74 and 35 N for different
pressure levels.
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ent change (NEW also included a cloud optical
thickness feedback, further altering the re-
sults). Finally, ALT had less tropical warming
by specification from the GFDL model results;
it is hypothesized that the moist adiabatic ad-
justment scheme used for convection in that
model limits upper level moisture and cloud
cover change, reducing tropical warming in
comparison to that which occurs with the pene-
trative convection in the GISS model. In sum-
mary, then, cloud and convection scheme dif-
ferences appear responsible for the different
tropical response in the models, and ultimately
the differing effect on wave energy propagation,
residual circulation change, and even high lati-
tude pressure response.

For the runs without strong mid-latitude
warming above 500 mb, ALT had the largest
overall west wind reduction, while NEW had
the largest increase in high latitude residual
stream function. Apparently the much stronger
high latitude amplification at low levels in
NEW, and its stronger easterly wind shear in
the lower troposphere, altered planetary wave
refraction more severely than in ALT. This in
turn was related to the amount of warming in
the surface marine temperatures (Fig. 1, bot-
tom). The absolute sea ice reduction from 80–
90�N during December–February was about
3% in all of the experiments except ALT, where
no reduction was specified (to keep the global
warming similar to the in 2 � CO2). This had
the effect of limiting the high latitude tempera-
ture response in the lower troposphere, and re-
ducing the ability of ALT to generate a stronger
negative phase of the Arctic Oscillation. Sea ice
changes are thus another component of the
model that will influence its high latitude cir-
culation response via altered planetary wave
propagation. (Note that reducing sea ice also
increases heat flux from the ocean, decreas-
ing the atmospheric stability, and therefore
directly leading to increased cyclonicity and
lower pressure at high latitudes).

The initial anomaly in the different experi-
ments led to a reinforcement of the pattern due
to the EP flux changes themselves. The EP flux
divergence in 2 � CO2 and S-C at high lat-
itudes provided for greater west winds and rel-
ative cooling, while the opposite occurs in NEW
and ALT (compare, for example, the change in
warming between 500 mb and 150 mb in the

different runs at 74�N in Table 2). This positive
feedback reinforces the latitudinal gradient dif-
ferences and helps the model results diverge.

With the different high latitude residual cir-
culation responses, we might expect different
impacts on the sea level pressure conditions
that determine the phase of the Arctic Oscilla-
tion. Shown in Fig. 3 are the sea level pressure
changes from the control run as a function of
latitude during December through February in
the Northern Hemisphere. Changes at the in-
dividual latitudes are on the order of 2 stan-
dard deviations of the model’s unforced vari-
ability, as are the differences between high and
mid-latitudes. With more equatorward plane-
tary wave refraction from high latitudes in
2 � CO2 and S-C, the sea level pressure is re-
duced poleward of 50�N, and increases some-
what to the south (representative of the posi-
tive phase of the Arctic Oscillation). In ALT, the
difference between the polar and mid-latitude
response is smaller, while in NEW the effect is

Fig. 3. Sea level pressure changes dur-
ing December through February in the
Northern hemisphere for the different
2 � CO2 experiments. Also shown are
the linear trends during Northern
hemisphere winter over the past 46
years (after Trenberth and Paolino,
1980, updated through 1997). The ob-
served trend is indicative of the recent
tendency for the positive phase of the
AO.
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reversed (negative phase of the Arctic Oscilla-
tion); the difference between NEW and the other
experiments is significant at the 95% level. The
regional surface air temperature changes as-
sociated with these specific sea level pressure
and advection patterns are quite different in
the various simulations, although the radiative
warming and feedbacks are largely similar.

The discussion so far has focused on changes
in the refraction pattern of planetary waves
due to the altered climate, but the generation of
waves in the troposphere also differs somewhat
in the different experiments. As indicated in
Table 1, the runs with greater tropical warming
also have increased planetary longwave energy
in the troposphere; with the difference between
NEW and the experiments with the largest
tropical warming marginally significant (90%
level). The greater tropical warming produces
increased zonal available potential energy,
which ultimately results in increased baroclinic
energy conversion for the longest waves (Rind
et al. 1998; see also Wiin-Nielsen 2001 for the
importance of instability for waves with low
wave numbers). The altered wave energy will
also affect the EP flux convergences and resid-
ual circulation changes in the stratosphere.

Observational analysis shows that the cur-
rent positive phase of the Arctic Oscillation is
occurring with tropical tropospheric cooling, an
increase in the tropospheric residual circula-
tion, and a reduction in the subtropical lower
stratospheric residual circulation (Thompson
et al. 2000; also see Wallace 2001 in this vol-
ume). These observations are not in conflict
with our model results, despite the fact that
some of our runs indicate both an increase in
the high phase of the Arctic Oscillation and an
increase in the subtropical residual circulation
in the lower stratosphere. The observed AO re-
lationship with tropical tropospheric cooling is
a dynamical effect (rising air) associated with
the circulation induced by wave propagation
effects that lead to the positive phase of the
Arctic Oscillation. In the doubled CO2 climate,
greenhouse warming of the tropics is occurring,
overwhelming such dynamical influences. In
that sense, model and observations are consis-
tent: with increased (decreased) tropical tem-
peratures due to radiative (dynamical) effects,
the subtropical lower stratospheric residual
circulation increases (decreases).

We conclude from these experiments that, at
least in the GISS models, the intensification of
the subtropical residual circulation in the lower
stratosphere in 2 � CO2 experiments is robust.
The tropical upper troposphere always warms
in comparison with higher latitudes at the
same pressure which are in the stratosphere,
and hence cooling or have reduced warming—
this result occurs in GCMs from all groups. It
leads to relative equatorward planetary wave
refraction and convergence, intensifying the
circulation. The subtropical residual circulation
in the lower stratosphere also increased in the
transient global warming experiment reported
by Butchart and Sciafe (2001) using the Hadley
Centre model. The magnitude of the effect is
associated with the degree of tropical warm-
ing, although varying background climatologies
(and model physics) also have an impact. In
contrast, the high latitude residual circulation
change is not robust in the GISS models, being
influenced by the sea surface temperature and
sea ice changes that affect mid latitude and po-
lar warming. IPCC (2001) also noted the lack of
consistent AO response in future climate simu-
lations, among different models.

2. Solar cycle/QBO

In this section we describe the results from
runs with solar maximum and solar minimum
conditions in conjunction with east or west
phases of the QBO. The model’s results were
originally discussed by Balachandran and Rind
(1995), Rind and Balachandran (1995), Shindell
et al. (1999b; without the QBO influence) and
Balachandran et al. (1999). In this presentation
we look at those runs in the context of the
wave-mean flow interactions discussed above
for the greenhouse gas experiments, including
the potential effects on the Arctic Oscillation.

Shown in Fig. 4 (left) are the EP flux changes
between solar maximum and solar minimum
conditions with no QBO forcing (top) and dur-
ing the east and west phases of the QBO in
the model. In the lower stratosphere, rela-
tive equatorward wave energy propagation oc-
curs throughout the extratropics between solar
maximum and solar minimum conditions dur-
ing the east phase of the QBO (and without any
QBO forcing, as the model naturally has light
easterlies present at those levels) and relative
poleward propagation during the west phase.
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During solar maximum conditions greater ra-
diative (ozone) heating occurs in the mid-to-
upper stratosphere at low latitudes relative to
high winter latitudes (where there is no sun-
shine). This increases the latitudinal tempera-
ture gradient, and from the thermal wind rela-
tionship, increases the vertical shear of the
zonal wind. Thus as discussed in Balachandran
and Rind (1995) and Rind and Balachandran
(1995), while the QBO alters the latitudinal
gradient of the zonal wind, the solar cycle af-
fects the vertical gradient, and both impact the
refraction properties of planetary waves. Each
unique combination of QBO east/west phase
and solar max/min conditions therefore is asso-
ciated with a unique propagation pattern. For

example, while equatorward propagation in the
lower stratosphere is favored during the west
QBO phase compared to the east phase, during
solar maximum the west winds increase with
altitude in the polar region, so the wave refrac-
tion pattern is equatorward and then upward
and poleward; during solar minimum it is
equatorward and relatively downward. The dif-
ference, as shown in Fig. 4 (left bottom), pro-
vides for a vertical and meridional propagation
change that results in different patterns of EP
flux convergences.

The impact of this wave propagation change
on the zonal temperature structure is shown
in Fig. 4 (right). For solar maximum minus
solar minimum during the east phase (and

Fig. 4. Modeled EP flux changes between solar maximum and solar minimum conditions with no
QBO, and during the east and west phases of the QBO in the model (left); also shown are the cor-
responding temperature changes (right). After Balachandran and Rind (1995).
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also without any QBO forcing), with relative
EP flux divergence from high latitudes in the
lower stratosphere, temperatures are cooler be-
tween the surface and 20 km (and geopotential
heights are lower). During the west phase, with
relative EP flux convergence at high latitudes,
the corresponding temperatures are warmer
(and geopotential heights are greater). The sea
level pressure changes, indicative of the phase
of EOF #1, is shown in Fig. 5 for the two cases;
changes at the individual latitudes are on the
order of one standard deviation of the model’s
unforced variability, as are the differences be-
tween high and mid-latitudes. For solar maxi-
mum minus solar minimum conditions during
the east QBO, the positive phase of the Arctic
Oscillation is favored, while during the west
QBO, the relative negative phase occurs. Boch-
nicek and Hejda (2002) analyzed Northern
Hemisphere observations and found that dur-
ing the east phase of the QBO, solar maximum
minus solar minimum conditions did favor the
positive phase of the NAO (or, as can been de-
duced from their results, the positive phase of
the AO), in agreement with these simulations,
while during the west QBO phase, little NAO
phase bias was seen. Labitzke and van Loon

(1988) showed sea level pressure changes for
solar maximum minus solar minimum con-
ditions and the QBO west phase (their Fig. 5e);
the results are indicative of the negative phase
of the Arctic Oscillation, in agreement with
these model results.

van Loon and Labitzke (1988) previously cor-
related surface air temperatures during winter
with the solar cycle during the different QBO
phases. We show in Fig. 6 the observed surface
air temperature changes derived from 6 differ-
ent years of January/February combinations
associated with the solar maximum and mini-
mum peaks in the appropriate QBO phase.
During the east phase, solar maximum minus
solar minimum conditions exhibit extensive
warming over Asia and cooling over northeast-
ern North America and the northwest Atlantic
that looks broadly similar to the surface air
temperature changes associated with the posi-
tive phase of the Arctic Oscillation (Thompson
and Wallace 2000). During the west QBO phase
the patterns are noticeably different. Compari-
son with the surface air temperature changes
shown for these months in Rind and Balachan-
dran (1995) indicates the model has some suc-
cess in reproducing the east phase results, as
it has in simulating the observed temperature
changes during the recent high phase of the
Arctic Oscillation (Shindell et al. 1999a). There
is less model success in simulating the temper-
ature change in the west phase, for which the
pressure anomalies in the model (Fig. 5) and
observations are weaker.

The differences noted in the observations
shown above are of similar magnitude to those
associated with the phase of the Arctic Oscilla-
tion in observations (Thompson and Wallace
2000) (peak values 2–3�C in both). This is of
the order of the observed interannual variation,
which may be thought of as including effects
such as these. van Loon and Labitzke (1988)
showed that correlations of surface air temper-
ature with solar forcing during the separate
QBO phases resulted in coherent patterns ex-
plaining up to 50% of the interannual variance
in specific regions. The significance of the solar/
QBO effect is obviously constrained by the lim-
ited number of years of QBO data available
(beginning in the 1950s) in conjunction with the
number of years of peak solar maximum and
minimum conditions. What we have attempted

Fig. 5. Sea level pressure changes be-
tween solar maximum and solar mini-
mum conditions during the east and
west phases of the QBO in the model.
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to show is that the planetary wave propagation
patterns associated with the solar cycle/QBO
are such as to produce variations in the phase
of the Arctic Oscillation that are broadly con-

sistent with the temperature changes derived
from these limited observations. To that extent,
the resulting patterns may be better under-
stood within the broader framework of the im-

Fig. 6. Observed surface air temperature changes between solar maximum and solar minimum
conditions during the east (top) and west (bottom) phase of the QBO in January and February.
Results are from 5 to 6 years of each QBO phase during solar maximum and solar minimum con-
ditions. Temperature data courtesy of M. Sato and J. Hansen.
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pact of altered stratospheric zonal wind pat-
terns on wave propagation and temperature in
the troposphere.

4. Discussion and conclusions

Both increased CO2 and solar forcing affect
the modeled troposphere via an impact on the
zonal wind structure of the atmosphere and
planetary wave refraction patterns. In the dou-
bled CO2 climate, varying the magnitude and
latitudinal gradient of warming at low lat-
itudes impacts the magnitude of the residual
circulation change, but in all cases leads to an
amplification of the residual circulation in the
lower stratosphere. This effect arises because
warming in the upper troposphere circa 150 mb
contrasts with cooling or reduced warming at
the same pressure level at high latitudes where
it is in the lower stratosphere. The increased
temperature gradient results in stronger west
winds, more equatorward planetary wave re-
fraction, greater subtropical EP flux conver-
gences, and hence the residual circulation in-
crease. With greater tropical warming, the
effects in general are larger, although differ-
ences in model background wind profiles (and
wave generation) also have an effect. An in-
creased residual circulation in the lower strato-
sphere should reduce the residence time of tro-
pospheric trace gases (Holton et al. 1995), and
does so in the GISS model (Rind et al. 2001).

Shindell et al. (2001) show that the zonal
wind and EP flux refraction changes indicated
here for increased CO2 appear to have been oc-
curring over the last several decades in the real
world. Would this happen regardless of the
cause of climatic warming, e.g., from El Ninos
or solar forcing producing a similar increase in
tropical SSTs, rather than increased CO2?
Since the key to this effect is the increase in the
tropospheric temperature gradient, the ques-
tion becomes how much does that increase de-
pend on the tropical upper tropospheric warm-
ing, which could result from any forcing of
tropical sea surface temperature increase, and
how much is associated with the extratropical
stratospheric cooling as arises with increased
CO2 (or perhaps ozone depletion in certain sea-
sons)? We investigated this issue by increas-
ing the sea surface temperatures without dou-
bling atmospheric CO2 in the 2 � CO2 and
ALT experiments. The upper troposphere/lower

stratosphere zonal wind change was only 1/2 as
strong in both experiments, while the resulting
EP flux pattern was very similar. The sea level
pressure changes are less positive at middle
latitudes in 2 � CO2, and less negative at high
latitudes in ALT, although in both cases the
latitudinal tendencies are maintained. There-
fore the distinguishing feature of the increased
CO2 forcing is the magnitude of the effect, not
the pattern of change.

The doubled CO2 climate also affects the re-
sidual circulation at high latitudes in winter,
and thus the phase of the Arctic Oscillation, but
in the different model runs the effects are not
consistent. Recent trends at high latitudes are
consistent with the simulations that produce
a more positive phase of the Arctic Oscillation
(Shindell et al. 1999a) as we show in Fig. 3, and
feature greater warming at mid-latitudes than
at the pole in the upper troposphere, with a
west wind increase and relative equatorward
wave propagation throughout the extratropics.
In contrast, the simulations with greater cli-
matic warming at high latitudes (than mid-
latitudes) result in weaker zonal winds, rela-
tive poleward wave propagation with EP flux
convergences, an extratropical stratospheric
residual circulation increase, and a more nega-
tive phase of the Arctic Oscillation. Recent
trends notwithstanding, what can be expected
for a full doubled CO2 climate change is not yet
obvious, since with additional warming, greater
sea ice changes may result in amplifying the
high latitude temperature response.

For both the low and high latitude responses,
we have emphasized the importance of the sea
surface/sea ice change, which results from the
added greenhouse gas forcing in conjunction
with the model sensitivity. While the first
three experiments (in Table 1) were all per-
formed with the same GISS model, NEW used
a later version with finer resolution and dif-
ferent physics. Some portion of its altered re-
sponse may have arisen from the way sea sur-
face temperature anomalies are translated into
the atmospheric response, for example, how
high into the atmosphere the warming occurs,
and what the Hadley Cell response is, both of
which can be a function of boundary layer and
convection schemes. The marine surface bound-
ary condition anomalies from S-C and NEW
have been provided to the ‘‘GCM Reality In-
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tercomparison Project (GRIPS; Pawson et al.
2000) for use by other modeling groups. That
should provide an opportunity for the degree of
inter-model variability to be assessed relative
to the variability in response due to the differ-
ent marine surface conditions.

Solar forcing, in combination with the QBO,
produces similar effects to greenhouse gas forc-
ing in the model in the sense that it alters
planetary wave propagation patterns and af-
fects tropospheric pressures and temperatures.
In particular, during the east phase of the
QBO, solar maximum minus solar minimum
conditions result in relative EP flux diver-
gences at high latitudes, and a positive phase of
the Arctic Oscillation. Observed and modeled
surface air temperatures changes are generally
consistent with this pattern, as they are con-
sistent with the observed temperature changes
accompanying the positive phase of the Arctic
Oscillation for the least few decades. The nega-
tive phase of the Arctic Oscillation, with differ-
ent advection changes and a different surface
air temperature response accompanies solar
maximum minus solar minimum conditions in
the model during the west QBO phase, when
EP flux convergences occur in polar regions. To
the extent that the solar/QBO effects are under-
stood in terms of planetary wave propagation
and basic quasi-geostrophic refraction tenden-
cies, they may prove useful for interannual
forecasting, as has previously been suggested
(van Loon and Labitzke 1988).
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